The aim of this study was to evaluate the effects of thermal manipulation (TM) during pre and post-hatch periods on thermotolerance of male broiler chickens exposed to chronic heat stress (CHS) during the finisher phase (34 ± 2
INTRODUCTION
One of the most important challenges in commercial poultry production is heat stress and its detrimental consequences on economic profit by decreasing growth rate and feed intake, and increasing morbidity (Mujahid, 2011) . Despite significant improvement in body weight gain and feed efficiency of meat-type chickens in the last decades, genetic selection was not associated with appropriate development of cardiovascular and respiratory systems (Havenstein et al., 2003) . Because of the importance of these organs in thermoregulation, any dysfunction in the respiratory system and circulation may weaken the body temperature control in non-steady housing environment. There are also a potential challenge due to global surface temperature will increase by 0.6 to 2.5
• C during the next 50 years (US National Climatic Center, 2001 ). On the other hand, the poultry industry has been expanded in tropical regions and may suffer from chronic heat stress and experience more technical limitations to satisfy economic profit (Renaudeau et al., 2012) . As the birds get older, the increase of body mass and the development of feather layers may cause the birds to become more vulnerable to heat increments in the finisher period compared to younger birds (Loyau et al., 2013) . In some tropical areas of Asia, such as the Middle East, a temperature range of 35 to 45
• C from April to September is very common, and the reduction of growth performance in poultry is the most important issue (Akbarian et al., 2013) . In addition, the year-on-year increase in growth rate of modern poultry due to continued genetic improvement, global warming, and the expanding of the poultry industry in hot climates requires appropriate ways to alleviate the consequences of heat stress. Therefore, different methods have been tested, such as climate-controlled housing, low stocking density, nutritional management, lowering marketing weight, among others. However, in most situations many of these practices are costly with low efficiency (Mujahid, 2011) .
Recent investigations have proposed that pre or posthatch thermal manipulation (TM) might improve longterm thermotolerance of broiler chickens through the reduction of body temperature caused by decreasing of plasma thyroid hormones levels (Yahav, 2007; Morita et al., 2016) . Furthermore, TM can change the adrenal threshold response to stress resulting from low corticosterone secretion (Piestun et al., 2008a,b) . Some studies showed that post-hatch exposure to heat stress (i.e., 36 to 38
• C at d 3 or 5 for 24 h) may enables the birds to control body temperature more efficiently in subsequent heat stress (Yahav and McMurtry, 2001; Gunal, 2013) . Thermal manipulation during embryo development has been gained more attention during recent years (Piestun et al., 2008a , 2013 and Loyau et al., 2013 . Overall, their conclusions suggest that combining 39.5
• C and 65% RH for 12 h/d between days 7 to 16 of embryogenesis is optimal (as reviewed by Loyau et al., 2014) .
Heat stress may stimulate physiological responses concerning protein catabolism, increasing blood total protein (Deaton et al., 1969) and uric acid (Borges et al., 2003) . The beneficial role of TM in thermotolerance of broilers under acute heat stress has been already reported Loyau et al., 2014) , but little is known about the effects of pre and post-hatch TM on adaptation to chronic heat stress, as well as its effects on blood metabolites in Ross strain broilers.
Some studies reported that TM through embryogenesis might decrease the abdominal fat pad in broilers (Loyau et al., 2013; Almeida et al., 2015) , and in the current research we hypothesized that such decrements in useless abdominal fat at later growth periods may be related to the basic changes in protein catabolism during embryogenesis.
Thus, the main goal of the present study was to assess the effect of TM on hatchability traits, performance, facial surface temperature (FST), body composition, blood biochemical parameters, thyroid hormones, and corticosterone concentration of male broiler chickens exposed to chronic heat stress (CHS) from 28 to 42 days of age.
MATERIALS AND METHODS

Experimental Procedures
The protocol used for animal experiments was approved by the Institutional Animal Care Committee of Tarbiat Modares University (Tehran, Iran). A batch of 700 fertile eggs (Ross 308) with an average weight of 65 ± 2.5 g was obtained from a commercial hatchery (Mazandaran, Iran), from 1 breeder flock of hens during their period of optimal egg production (36 wk of age). After weighing, the eggs were incubated in semicommercial incubators (Nowin Sanat Khazar Company, Iran) randomly divided into 4 treatments and 5 replications with 12 male broiler chickens in each: treatment 1-control: in which eggs were incubated under a singlestage procedure with a constant temperature of 37.8
• C and 56% RH (Bruzual et al., 2000) throughout the incubation period; treatment 2-(designated as PRE), pre-hatch intermittent TM at 39.5
• C and 65% RH for 12 h/d from embryonic (E) day 7 to E16 (180 to 408 h of incubation, according to Piestun et al., 2011) ; treatments 3 and 4 (designated as PO3 and PO4), post hatch groups were incubated at the same conditions as the control treatment in and exposure to TM at 36 to 38
• C for 24 h at day 3 and 5 post-hatch, respectively (Yahav and Plavnik, 1999; Yahav and McMurtry, 2001; Gunal, 2013) . To induce CHS from d 28 to 42, all birds in experimental units were exposed to 32 to 36
• C and 55% RH from 10:00 AM to 16:00 PM and overnight temperatures were 28 ± 2
• C and 46 ± 5% RH. The average time that the ambient temperature increased from 27 to 32
• C was about 30 min. The temperatures and relative humidity were measured three times daily at 8:00 AM, 15:00, and 19:00 PM during prolonged CHS as shown in Figure 1 . To avoid possible incubator effects, all eggs were incubated at the same incubator under regular conditions of 37.8
• C, 56% RH, and turned once per hour from E0 through E7 (Bruzual et al., 2000) . At 7 d of incubation, infertile and undeveloped eggs were removed after candling. On 19 d of incubation, all eggs were transferred to a hatcher at 37.8
• C and 56% RH.
Newly hatched chicks were recorded every hour while working from inside a heated tent that had been installed around the machine doors. Chicks with dry feathers, at approximately 2 h after hatching, were taken out of the incubator for weighing and feather sexing procedure. Hatchability was defined as the percentage of chicks per fertile eggs incubated. Male broiler chickens were selected with the same weight and randomly distributed into the experimental pen. This experiment was performed only in male birds because of their greater sensitivity to heat than females (Piestun et al., 2008a) .
All chicks were fed on corn-soybean meal diets including starter (22% CP and ME 2,950 kcal/kg feed from 1 to 14 d), grower (21% CP and ME 3,000 kcal/kg feed from 15 to 28 d), and finisher (19% CP and ME 3,100 kcal/kg feed from 29 to 42 d) diets based on Ross Management Guide recommendations. Water and feed were supplied ad libitum under 23 h lighting. Rearing temperature was 32
• C during the first week and then weekly decreased to 24
• C. Feed intake (FI) and body weight (BW) were measured on d 7, 14, 21, 28 (before heat challenge), 35, and 42 d (after heat challenge), and FCR was calculated accordingly. The European production efficiency index (EPEI) was calculated as follow (Hajati et al., 2015) :
Where PP is production period length (days). At 42 d of age, one bird from each replicate representing the mean BW of the pen was euthanized to determine carcass section including: weights of total breast (without skin), complete legs, liver, heart, gizzard, and abdominal fat pad as percentage of live BW. Skin temperature was recorded on a weekly basis at 09:00 AM using an infrared thermometer (accuracy of ± 0.1
• C in less than 10 seconds) which was inserted at the same site on facial surface temperature of all chickens (Giloh et al., 2012) 
Blood Parameters
At 42 d, blood samples were collected from the wing vein into heparinized syringes (n = 8 per treatment). After measuring the hematocrit and hetrophil/lymphocyte ratio, blood samples were centrifuged at 1,500 × g for 10 min and plasma was stored at −20
• C for measuring triglycerides, glucose, uric acid, total protein, cholesterol, high density lipoprotein (HDL), albumin, triiodothyronine (T3), thyroxine (T4), and corticosterone concentration using commercial calorimetric diagnostic kits according to the manufacturer's instructions (Diagnostic Products Corporation, Pars Azmoon, Tehran, Iran). Plasma corticosterone concentration was measured using ELISAKit (IDS Ltd, Boldon, UK). Measurement of T4 and T3 were performed in plasma samples using commercial ELISA-kits (Pishtaz-Tab. Tehran, Iran). Hematocrit value was determined by micro hematocrit method (Kamely et al., 2015) . Hetrophil (H) and lymphocytes (L) were counted in 100 cells per individual smear, and then the H/L ratio was calculated (Gross and Siegel, 1983) .
Statistical Analyses
Mortality and hatchability data were subjected to chi-square (χ2) analysis. Statistical significance is considered as P < 0.05. Data were subjected to analysis of variance (one way ANOVA). Individual body temperature data at d 7, 14, 21, 28, 35, and 42 were subjected to ANOVA with repeated measurements followed by Duncan's multiple range tests. Comparison differences between groups was determined using the GLM procedure in the Statistical Analysis System (SAS Institute, 2004) . Corticosterone data were not normally distributed and analyzed by Kruskal-Wallis one-way of variance.
RESULTS
Hatchability Traits
The PRE group exhibited lower FST than control (P = 0.023, Table 1 ). Pre-hatch TM resulted in a delay in hatch time in which about 95% hatchability was achieved 6 h later (516 h for PRE) than control (522 h for control) (P > 0.1). However, PRE treatment caused reduction in hatchability of about 4% (81%) in comparison with control (85%). As shown in Table 1 , hatching BW was influenced by treatments (P = 0.027) in which was lower in the PER (49.9 g) than control groups (51.0 g). However, BWG was not affected by pre-hatch treatment during the entire experiment (P = 0.19). In the control group, eggs were incubated at 37.8
• C and 56% RH and housed in standard conditions; PRE group was incubated as 12H -intermittent thermal manipulation at 39.5
• C and RH of 65% for 12 h/d from d 7 through d 16 and housed in thermo-natural condition; PO3 and PO5 groups were incubated under the same conditions as control and exposed to 36 to 38
• C at 3 and 5 d of age for 24 h respectively. All treatments were subjected to chronic heat stress from day 28 to 42.
Facial Surface Temperature (FST)
As shown in Table 2 , chickens of pre/post hatch treatments exhibited lower FST than control at d 7, 14, 21, and 28 (P < 0.05). Nevertheless, FST were not different between TM and control at d 35 and d 42 during CHS.
Performance
Effect of treatments on performance before CHS at d 14 and 28, and after CHS implementation at d 35 and 42 are presented in Table 3 . Thermal manipulation during post-hatch period decreased BWG at d 14 compared to control and PRE groups (P = 0.007), however, the difference between groups disappeared from d 28. At the first week of CHS, TM-chickens showed higher BWG (P = 0.001) and lower FCR (P = 0.033) than control. The treatments had no significant effect on performance during the entire study and second week of CHS (35 to 42 d). Moreover, according Figure 2 , EPEI was affected by treatments (P = 0.015), being the lowest and highest EPEI found to control and PO3 group, respectively. There were not differences in EPEI of TM groups.
There were not any differences in mortality percentage among the experimental groups from d 1 to 28 before CHS, but tended to be significant during the CHS (28 to 42 d of age) (P = 0.0007; Table 3 ). The highest mortality was recorded in the control group (18%) and the lowest mortality was observed in PO3 and PO4 groups (4%). Overall, mortality was significantly lower in PO3 and PO5 compare to PRE and control during of the growth period (P = 0.001). Results presented that mortality started during the first fifth hour of CHS and continued until the sixth day after starting CHS.
Body Compositions
The relative weight of breast (without skin), legs, liver, and gizzard did not statistically differ among the experimental groups (P > 0.1) ( Table 4 ). In addition, abdominal fat pad (AFP) was significantly influenced by treatments, in which the PRE group had the lowest AFP (P = 0.001; 0.97% of live weight) compared to the other three groups. The TM caused a decrease in the relative weight of heart (P = 0.001).
Blood Parameters
As shown in Table 5 , there was no significant long-term effect of TM on hematocrit, corticosterone, glucose, cholesterol, triglyceride, HDL, and Hetrophil/Lymphocyte ratio of male broilers. T3 and T4 hormones were significantly lower in TM-treated chicks during pre and post-hatch than control (P = 0.01). However, plasma concentration of T3 and T4 was lower Table 3 . Means values of body weight gain, feed intake, feed conversion ratio, and mortality of male broiler chickens, according to the treatment. In the control group, eggs were incubated at 37.8
• C and RH of 65% for 12 h/d from d 7 through d 16 and housed in thermo-natural condition; PO3 and PO5 groups were incubated under the same conditions as control and exposed to 3 to −38
• C at 3 and 5 d of age for 24 h, respectively. All treatments were subjected to chronic heat stress from day 28 to 42. 
European Production Efficiency Index
Treatments 1 Figure 2 . Means of European production efficiency index of male broiler chickens at 42 day of age, according to treatment. In the control group, eggs were incubated at 37.8
• C and 56% RH and housed in standard conditions; PRE group was incubated for 12 h with intermittent thermal manipulation at 39.5
• C and RH of 65% for 12 h/d from d 7 through d 16 and housed in thermo-natural conditions; PO3 and PO5 groups were incubated under the same conditions as control and exposed to 36 to 38
• C at 3 and 5 d of age for 24 h, respectively. All treatments were subjected to chronic heat stress from 28 to 42 days (P = 0.015 and SEM = 10.72).
in post-hatch group than either PRE or control but T3/T4 ratio was remained constant through all treatments. Uric acid and total protein were influenced (P < 0.01) by treatments. Moreover, post-hatch treatments had lower values compared to the other groups, and there was a tendency to increase in blood albumin of control compared with TM-treated birds (P = 0.06).
DISCUSSION
Hatchability Traits
Although pre-hatch TM did not influence the hatchability, but there was a slight decrease in hatchability (4%), which is in agreement with recent studies (Piestun et al., 2008a and Loyau et al., 2013) . Hatchling weight was also decreased in pre-hatch TM, which was in contrast to Piestun et al. (2008a) and Loyau et al. (2013) . This discrepancy might be related to some differences in strain or age of the breeders used in those studies (Yalçin et al., 2008) . Nevertheless, prehatch TM did not affect the final BW and weight loss was compensated, another study found conflicting results (Piestun et al., 2013) . Moreover, it may be also due to difference kind of sex: male vs. female; it is suggested that males are more able to compensatory gain than females. A 95% delay in the rate of hatchability was observed in pre-hatch TM group than control, which was in contrast to previous findings (Piestun et al., 2008a, and 2011; Loyau et al., 2013) , that possibly due to different breeder strains (e.g., Cobb vs. Ross) in the studies. Moraes et al. (2004) reported that pre-hatch TM of Ross eggs caused a delayed hatching because of low concentration of corticosterone in this strain.
Facial Surface Temperature
It was previously hypothesized that increase of temperatures during incubation (pre-hatch) to d 7 Table 4 . Means values of parts yield (carcass, weights of total breast (without skin), complete legs, liver, heart, gizzard, and abdominal fat pad were expressed as percentage of body weight) of male broiler chickens at 42 day of age, according treatments. In the control group, eggs were incubated at 37.8
• C at 3 and 5 d of age for 24 h, respectively. All treatments were subjected to chronic heat stress from day 28 to 42. Table 5 . At blood metabolites (albumin, glucose, cholesterol, triglyceride, total protein, uric acid, high density lipoprotein (HDL), hematocrit, hetrophil/lymphocyte ratio, triiodothyronine (T3), thyroxin (T4), T3/T4 ratio, corticosterone) of male broiler chickens at 42 day of age, according to treatment. • C and 56% RH and housed in standard conditions; PRE group was incubated as 12H -intermittent thermal manipulation at 39.5
• C at 3 and 5 d of age for 24 h respectively. All treatments were subjected to chronic heat stress from 28 to 42 day of age.
post-hatch could induce the thermotolerance in chickens (Yahav and McMurtry, 2001, Loyau et al., 2013) , resulting in a high ability to cope with hot weather. As suggested by Giloh et al. (2012) , the FST is a promising indicator of body temperature, measured by infrared thermometer, and can be also used as a valuable indicator of thermotolerance during the life span (De Basilio et al., 2003) . We found that the FST was lower in TMtreated chicks from hatch to d 28 than control before subjecting to CHS, providing more evidence on the relationship between low FST and thermotolerance in TMtreated chicks (Piestun et al., 2008a, b; Gunal, 2013 and 2011) . Due to lack of any significant difference in FST among treatments during CHS at d 35 and 42 d.
Performance
The post-hatch TM-treated birds had the slower growth rate than normal birds at d 14 but subsequent growth acceleration resulted in complete compensation for weight loss until d 28. This phenomenon has been already reported by others (Yahav and Hurwitz, 1996; Gunal, 2013) . Results also showed that TM-treated chicks exhibited more resistance to CHS with significantly lower mortality rate, better FCR and BWG than control during the first week of CHS. Reduction in mortality was in agreement with previous findings (Yahav and Hurwitz, 1996) . Some studies demonstrated that either pre or post-hatch TM caused an improvement in FCR by lowering thyroid gland activity, metabolism rate, and heat production (Piestun et al., 2011 and . However, the lack of significant mortality in the second week of age might be due to the acclimation mechanisms in TMtreated chicks to have more thermotolerance under CHS (Hillman et al., 1985; Yahav et al., 2009 ), representing better EPEF index than control throughout the study.
Blood Parameters
Thermal manipulation during early growth may affect the long-lasting thermotolerance threshold response to high ambient temperature and heat production events through decreasing the activity of the thyroid gland (Piestun et al., 2015) . In our experiment, plasma concentration of T3 and T4 decreased in TM-treated chickens at d 42 after hatch, especially in post-hatch TM treatments, after CHS. Those plasma changes have been already reported in either post-hatch (Yahav and Hurwitz, 1996; Yahav and Plavnik, 1999) or pre-hatch (Piestun et al., 2011 (Piestun et al., , 2015 Loyau et al., 2013) TM-treated birds. Reduction in blood circulation of thyroid stimulation hormone could have been attributed to a) change in hypothalamus-pituitary threshold level to secrete less thyroid stimulation hormone (Nassar et al., 2015) ; b) reduced thyroid gland activity, ; and c) decreased peripheral de-iodination . Changes in thyroid hormone levels as a result of changes in temperature were found to be related to a balance between central and peripheral control mechanisms (Kuhn et al., 1984) . We showed that post-hatch TM might more alleviate the circulating T3 and T4 than pre-hatch TM, indicating that thyroid gland have been more affected by post-hatch TM than pre-hatch TM.
Our data also demonstrated that the uric acid level was lower in TM-treated chickens than in control group. It is well-known that birds exposed to heat stress may have high concentration of uric acid resulted from high protein catabolism (Geraert et al., 1996) . Therefore, any reduction in blood uric acid may be an indication of slowdown in protein catabolism to save body resources of amino acids in TM-treated broilers with high thermotolerance ability. This event was associated with reduction in blood total protein that may be either a result of low protein damage or high post-absorption metabolism of proteins. Moreover, TM decreased abdominal fat through increasing protein efficiency toward amino acid sparing for vital cellular reactions (Lu et al., 2007) . Although some researchers did not observe any changes in protein metabolism by pre and/or posthatch TM Moraes et al. (2003) , (Loyau et al., 2013) reported that pre-hatch TM tended to somewhat lower uric acid levels in broilers.
Body Composition
In this study, TM decreased relative heart weight, especially in pre-hatch TM that could be related to the lower thyroid hormones and increasing thermotolerance (Yahav and Plavnik 1999) . Hemodynamic changes may have resulted in the increase in sensible heat loss that is involved in the reduction in heart mass (Yahav and Hurwitz, 1996; Gunal, 2013) , therefore, the lower heart growth can be explained either by reducing cardiac cell development or reduced glycogen but high lactate concentration.
Our data demonstrated that the pre-hatch TM strongly decreased relative weight of abdominal fat, which in agreement with previous findings (Piestun et al., 2011; Loyau et al., 2013; Almeida et al., 2015) . Almeida et al. (2015) found that high incubation temperatures increased serum growth hormone levels of broiler hatchlings that may be associated with reduced fat adipocyte. Hammond et al. (2007) established that TM from E4 through d 7 increased embryonic movements and energy expenditure leading to low fat pad. Because adipose tissue in the chick embryo begins to appear around E12 (Speake et al., 1998) , application of TM patterns in this time may help to more reduction fat pad (Piestun et al., 2011; Loyau et al., 2013) .
CONCLUSION
In conclusion, application of pre or post-hatch TM during the development and maturation of thermal regulation system of the male broilers may induce a long lasting effect on the physiological responses, thus preventing the negative effects of CHS on broiler chickens in the first week of CHS. Pre-hatch TM could induce stronger thermotolerance than post-hatch TM. However, the underlying mechanism of long-lasting effects of TM on physiological responses of broiler chickens remains to be elucidated in the future.
